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WING STRUCTURE FOR AN AIRCRAFT
INCLUDING PLASMA ACTUATORS FOR
CONTROLLING AIR FLOW THROUGH A

SLOT, AND METHOD OF CONTROLLING
THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims priority from Japanese
Patent Application No. 2018-082348 filed on Apr. 23, 2018,
the entire contents of which are hereby incorporated by
reference.

BACKGROUND

The disclosure relates to a wing structure, a method of
controlling the wing structure, and an aircratt.

Movable wings such as ailerons, rudders, elevators, flaps,
spoilers, and flaperons are known as components for con-
trolling air flow around wings of aircrait, such as the main
wings and the tail wings. The orientation of an aircraift 1s
controlled by driving actuators to vary the steering angle of
the movable wing.

Further, in recent years, studies have been done on the use
of plasma actuators (PA) as auxiliary devices for controlling
air flow around aircrait wings (see, for example, Japanese
Unexamined Patent Application Publication (JP-A) No.
2016-056814 and JP-A No. 2008-290710). A practical appli-
cation for a plasma actuator mounted on an aircraft wing 1s
DBD-PA, which uses dielectric barrier discharges (DBD) to
shape air flow.

DBD-PA 1s a plasma actuator in which electrodes are
arranged with a dielectric in-between, and plasma 1s gener-
ated only on one side of the dielectric by applying a high AC
voltage between the electrodes. By using a DBD-PA,
through controlling the plasma, delamination of air 1s sup-
pressed and airtlow can be changed. As a result, by attaching,
DBD-PAs to wings, attempts have been made to omit
movable wings such as auxiliary wings and flaps. In other
words, DBD-PAs are expected to provide an alternative to
control surfaces of aircratt.

SUMMARY

An aspect of the present disclosure provides a wing
structure a wing structure for an aircraft. The wing structure
includes a stationary wing, a movable wing configured to
have a slot between the movable wing and the stationary
wing, and at least one plasma actuator configured to control
air flow through the slot.

An aspect of the present disclosure provides an aircraft
including the wing structure described above.

An aspect of the present disclosure provides a method for
controlling a wing structure of an aircraft. The aircrait
includes a stationary wing, a movable wing disposed so as
to form a fixed slot between the movable wing, and a
stationary wing and at least one plasma actuator. The method
includes

controlling air flow through the slot with the at least one
plasma actuator.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are included to provide a
turther understanding of the disclosure and are incorporated
in and constitute a part of this specification. The drawings
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illustrate example implementations and, together with the
specification, serve to explain the principles of the disclo-

sure.

FIG. 1 1s a cross-sectional view 1llustrating a configura-
tion ol a wing structure according to an embodiment of the
disclosure.

FIG. 2 1s a partial top view of the wing structure 1llustrated
in FIG. 1.

FIG. 3 1s a diagram illustrating another configuration
example of the actuator illustrated in FIG. 1.

FIG. 4 1s a diagram 1illustrating the principle of the plasma
actuator 1illustrated 1n FIG. 1.

FIG. 5§ 1s a cross-sectional view of the movable wing
illustrated 1n FIG. 1 with a negative steering angle.

FIG. 6 1s a cross-sectional view of the wing structure
illustrating a state 1n which the steering angle of the movable
wing 1llustrated 1n FIG. 1 1s positive.

FIG. 7 1s a graph 1llustrating a waveiform of a typical burst
wave.

DETAILED DESCRIPTION

In the following, a preferred but non-limiting embodiment
of the disclosure 1s described 1n detail with reference to the
accompanying drawings. Note that sizes, materials, specific
values, and any other factors 1illustrated in the embodiment
are 1llustrative for easier understanding of the disclosure,
and are not mtended to limit the scope of the disclosure
unless otherwise specifically stated. Further, elements in the
following example embodiment which are not recited 1n a
most-generic independent claim of the disclosure are
optional and may be provided on an as-needed basis.
Throughout the present specification and the drawings,
clements having substantially the same function and con-
figuration are denoted with the same reference numerals to
avold any redundant description. Further, elements that are
not directly related to the disclosure are unillustrated in the
drawings. The drawings are schematic and are not intended
to be drawn to scale. One type of tlap, a slotted flap, 1s the
flap that 1s attached such that a slot 1s formed between the
flap and a stationary wing. When the slotted flap 1s extended.,
air flow 1s formed from the lower surface to the upper
surface of the wing through a slot formed between the
stationary wing and the slotted flap. The air tlow from the
lower surface to the upper surface of the slotted flap can
suppress delamination of air at the upper surface of the
slotted flap.

In the case of a movable wing for directing air into the slot
formed between the movable wing and the stationary wing
as typified by a slotted flap, 1n addition to an actuator for
controlling the steering angle of the movable wing, an
actuator for extending the movable wing are also required.
As a result, the weight of the aircrait may increase.

Accordingly, 1t 1s desirable to reduce the weight of the
wing structure and the aircrait which have a movable wing
for directing air 1nto a slot between the movable wing and a
stationary wing.

(Configuration and Function)

FIG. 1 1s a cross-sectional view 1llustrating a configura-
tion ol a wing structure according to an embodiment of the
disclosure, and FIG. 2 1s a partial top view of the wing
structure illustrated 1n FIG. 1.

The wing structure 1 1s a structure such as a main wing,
and a tail wing for an aircrait 2. Thus, the wing structure 1
1s provided with the aircrait 2. The wing structure 1 has a
stationary wing 3 and a movable wing 4. The movable wing
4 1s disposed 1n such a manner that a slot 1s always formed
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between the movable wing 4 and the stationary wing 3.
Examples of a movable wing 4 include an aileron, a rudder,
an elevator, a flap, a spoiler, a flaperon. FIGS. 1 to 3 illustrate
an example 1n which the wing structure 1 1s a main wing
structure and the movable wing 4 1s a flap. One of the
movable wings 4, the flap, 1s a high-1lift device that 1s steered
during takeofl and landing of the aircratt.

The movable wing 4 has an actuator 5 for controlling the
steering angle of the movable wing 4. Unlike slotted flaps
which forms the slot by expanding with a conventional
extending mechanism, the movable wing 4 1s coupled to the
stationary wing 3 configured to have a constant slot between
the movable wing 4 and the stationary wing 3. Therefore,
unlike conventional slotted flaps or the like, the movable
wing 4 does not require an extending mechanism for extend-
ing the movable wing 4. Consequently, the movable wing 4
1s mechanically controlled only by the actuator 5§ for con-
trolling the steering angle of the movable wing 4.

In the example 1llustrated 1n FIGS. 1 and 2, the actuator
5 1s configured by a motor SA that rotates a rotating shaft 4A
for changing the steering angle of the movable wing 4. That
1s, the output shaft of the motor SA 1s connected to the
rotating shaft 4A of the movable wing 4. Therefore, the
steering angle of the movable wing 4 1s changed by rotation
of the motor SA. However, the configuration of the actuator
5 1s not limited to this configuration, while the actuator 3
having another configuration may be also employed.

FIG. 3 1s a diagram illustrating another configuration
example of the actuator 5 illustrated in FIG. 1.

As 1llustrated in FIG. 3, the actuator 5 can also be
configured by connecting, with a power cylinder 12 1n which
a rod 11 moves with respect to a cylinder tube 10, a first arm
13 A fixed to the stationary wing 3, such as a horn arm or an
L-shaped arm, and a second arm 13B fixed to the movable
wing 4.

The wing structure 1 has at least one plasma actuator 14
as a component for controlling air flow, 1n addition to the
movable wing 4 which 1s mechanically driven by the actua-
tor 5 as described above. The plasma actuator 14 1s a flow
control device for controlling air flow through the slot
between the movable wing 4 and the stationary wing 3.

FI1G. 4 1s a diagram 1llustrating the principle of the plasma
actuator 14 illustrated in FIG. 1.

The plasma actuator 14 includes a first electrode 21, a
second electrode 22, a dielectric 23, and an alternating
current (AC) power supply 24. The first electrode 21 and the
second electrode 22 are disposed so as to be shifted with
respect to each other with the dielectric 23 interposed
therebetween forming a discharge area. The first electrode
21 1s disposed so as to be exposed to a space 1n which air
flow 1s to be induced. On the other hand, the second
clectrode 22 1s covered with a dielectric 23 so as not to be
exposed to the space in which air flow 1s to be induced. The
second electrode 22 1s grounded to the fuselage of the
aircrait 2. An AC voltage 1s applied between the first
clectrode 21 and the second electrode 22 by the AC power
supply 24.

When the AC power supply 24 1s operated to apply an AC
voltage between the first electrode 21 and the second elec-
trode 22, plasma composed of electrons and positive 10ns 1s
generated 1n the discharge area formed on the surface of the
dielectric 23 on which the first electrode 21 1s disposed. As
a result, air flow toward the surface of the dielectric 23 1s
induced by the plasma. The plasma actuator 14, which
causes a dielectric barrier discharge by interposing the
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dielectric 23 between the first electrode 21 and the second
clectrode 22, 1s called a dielectric barrier discharge plasma
actuator, or DBD-PA.

The first electrode 21 and the second electrode 22 con-
stituting the plasma actuator 14 may be formed 1n a thin {ilm
shape. Therefore, the plasma actuator 14 can be used by
being attached to the surface of the movable wing 4 or
embedded 1n a surface layer serving as an attachment
position.

The number and mounting position of plasma actuators 14
can be determined by wind tunnel tests or simulations so that
an appropriate air flow can be formed 1n the slot between the
movable wing 4 and the stationary wing 3. In the example
illustrated 1n FIGS. 1 and 2, one plasma actuator 14 1is
disposed on the upper surface of the stationary wing 3, and
one plasma actuator 14 1s disposed on the lower surface of
the stationary wing 3. That 1s, one plasma actuator 14 1s
attached to the trailing edge on the upper surface of the
stationary wing 3 and one plasma actuator 14 1s attached to
the trailing edge on the lower surface of the stationary wing
3 so that an appropriate air flow can be formed through the
slot between the movable wing 4 and the stationary wing 3.

In this manner, the wing structure 1 has a plasma actuator
14 in addition to the movable wing 4 as a device for
controlling air flow. Accordingly, the wing structure 1 has a
control device 30 for controlling the movable wing 4 and the
plasma actuator 14. The control device 30 may be config-
ured with an electrical circuit that generates and outputs
control signals as electrical signals. Further, when the actua-
tor 5 for drniving the movable wing 4 i1s hydraulic or
pneumatic, the control device 30 can be configured to use a
hydraulic pressure signal circuit or a pneumatic signal
circuit so that a control signal can be generated and output-
ted as a hydraulic pressure signal or a pneumatic signal,
respectively.

The steering angle of the movable wing 4 1s adjusted with
control amounts of the actuator 5. Therefore, the control
device 30 outputs a control signal to the actuator 5 to instruct
the actuator 5 to move the steering angle of the movable
wing 4 by a certain control amount. On the other hand, the
plasma actuator 14 1s controlled by the presence or absence
of an AC voltage and the wavetform of the AC voltage
applied by the AC power supply 24 between the first
electrode 21 and the second electrode 22. Therefore, 1n order
to control the operating condition of the plasma actuator 14,
a control signal indicating the presence or absence of the AC
voltage applied by the AC power supply 24 between the first
clectrode 21 and the second electrode 22 and the wavelform
of the AC voltage are outputted from the control device 30
to the AC power supply 24.

The movable wing 4 and the plasma actuator 14 may be
coupled with each other under the control of the control
device 30. That 1s, under the control of the control device 30,
the plasma actuator 14 may be operated under conditions
that are approprnate for the steering angle of the movable
wing 4. As a practical example, the steering angle of the
movable wing 4 1s kept zero as illustrated in FIG. 1 to
maintain the lift force of the wing structure 1 during cruising
of the aircrait 2.

When the steering angle of the movable wing 4 1s zero,
both the plasma actuator 14 disposed on the upper surface of
the stationary wing 3 and the plasma actuator 14 disposed on
the lower surface of the stationary wing 3 1s operated by the
control device 30. The plasma actuator 14 disposed on the
upper surface of the stationary wing 3 and the plasma
actuator 14 disposed on the lower surface of the stationary
wing 3 can form air flow for preventing air from flowing
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through the slot between the stationary wing 3 and the
movable wing 4. That 1s, by forming an air curtain for
preventing air flow through the slot between the stationary
wing 3 and the movable wing 4, 1t 1s possible to reduce air
drag which 1s caused by air flowing between the stationary
wing 3 and the movable wing 4.

On the other hand, even when the movable wing 4 1s
steered to assume a non-zero positive or negative steering
angle, the eflect of the control surface can be improved by
operating the plasma actuator 14 disposed at a suitable
position.

FIG. 5 1s a cross-sectional view of the wing structure 1
illustrated 1 FIG. 1 with the movable wing 4 having a
negative steering angle.

As 1llustrated 1 FIG. S, when the steering angle of the
movable wing 4 1s negative, the plasma actuator 14 disposed
on the upper surface of the stator blade 3 1s operated by the
control device 30 while the plasma actuator 14 disposed on
the lower surface of the stationary wing 3 1s prevented from
operating. Then, by the operation of the plasma actuator 14
disposed on the upper surface of the stationary wing 3, 1t 1s
possible to form air flow from the upper surface of the
stationary wing 3 through the slot toward the lower surface
of the movable wing 4. As a result, energy due to the air tlow
1s supplied to the lower surface of the movable wing 4, and
an eflect of suppressing delamination of air on the lower
surface of the movable wing 4 1s obtained.

FIG. 6 1s a cross-sectional view of the movable wing 4
illustrated 1n FIG. 1 with a positive steering angle.

As 1llustrated 1 FIG. 6, when the steering angle of the
movable wing 4 1s positive, the plasma actuator 14 disposed
on the lower surface of the stationary wing 3 can be operated
by the control device 30 while the plasma actuator 14
disposed on the upper surface of the stationary wing 3 1is
prevented from operating. Then, by the operation of the
plasma actuator 14 disposed on the lower surface of the
stationary wing 3, it 1s possible to form air flow from the
lower surface of the stationary wing 3 through the slot
toward the upper surface of the movable wing 4. As a result,
energy due to the air flow 1s supplied to the upper surface of
the movable wing 4, and an eflect of suppressing delami-
nation of air on the upper surface of the movable wing 4 1s
obtained.

The wavetorm of the AC voltage applied by the AC power
supply 24 between the first electrode 21 and the second
clectrode 22 of each plasma actuator 14 can be determined
by wind tunnel tests or simulations so that a suitable air flow
1s formed. It has been confirmed by wind tunnel tests and the
like that burst wavetorms, in addition to continuous wave-
forms, are eflective as wavetorms for the AC voltage from
the AC power supply 24 applied between the first electrode
21 and the second electrode 22 of the plasma actuator 14.

FI1G. 7 1s a graph illustrating a waveform of a typical burst
wave.

In FIG. 7, the vertical axis represents voltage V, and the
horizontal axis represents time t. As illustrated in FIG. 7, the
burst wave 1s a wave which repeats a cycle, at a constant
burst period T, consisting of a period in which the amplitude
varies and a period 1 which the amplitude does not vary.
Accordingly, when the waveform of the AC voltage 1s a
burst wave, the period Ton in which the AC voltage of the
amplitude Vm 1s continuously applied 1s intermittently
repeated with a burst period 1. The ratio Ton/T of the period
Ton, 1n which the AC voltage 1s applied, to the burst period
T corresponds to the duty ratio and 1s called a burst ratio BR.

Therefore, wavelorm parameters, such as a burst period T
and a burst ratio BR which are suitable for forming a target
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air flow by operation of the plasma actuator 14, can be
obtained 1n advance by wind tunnel tests or simulations and
can be stored in a database. That 1s, the control device 30 can
be provided with a storage device for storing information,
such as a table or a function indicating relationships between
the air tlow to be formed by operation of the plasma actuator
14 and the AC voltage wavetorms to be applied between the
first electrode 21 and the second electrode 22 of the plasma
actuator 14. Thus, the wavetform of the AC voltage applied
between the first electrode 21 and the second electrode 22 of
the plasma actuator 14 can be automatically controlled by
the control device 30. Of course, the operator of the aircraft
2 may manually switch the plasma actuator 14 between the
ON state and the OFF state.

When the burst frequency 1, which 1s the mverse of the
burst period T, or the burst period T, 1s nondimensionalized
and, 1t 1s possible to determine an appropriate burst period
T or burst frequency I by a shared wind tunnel test or
simulation even 11 the shape of the wing structure 1 or the air
flow velocity 1s different. For example, the burst frequency
f can be nondimensionalized by referencing to the chord
length c1 of the wing structure 1 or the control surface length
c2 of the movable wing 4, which 1s defined as illustrated 1n
FIG. 1, and the mainstream velocity U.

Specifically, the burst frequency F1, which 1s nondimen-
sionalized by the chord length c1 of the wing structure 1 and
the mainstream velocity U, 1s expressed by Equation (1).

F1=(UTY(Ure)=f(Urel) (1)

On the other hand, the burst frequency F2, which 1s
nondimensionalized by the control surface length c2 of the
movable wing 4 and the mainstream velocity U, 1s expressed
by Equation (2).

F2=(UTY(U/e2=f1(U/c2) (2)

Accordingly, it 1s possible to determine the AC voltage
wavelorm to be applied between the first electrode 21 and
the second electrode 22 of the plasma actuator 14 based on
a burst wavetorm with the burst frequency F1, F2 or burst
period, which nondimensionalized by the chord length c1 of
the wing structure 1, composed of the movable wing 4 and
the stationary wing 3, or the control surface length c2 of the
movable wing 4. Thereby, 1t 1s possible to set the shared
nondimensionalized burst frequency F1, F2 or burst period
regardless of the chord length c1 of the wing structure 1 or
the control surface length ¢2 of the movable wing 4. Also,
by dimensionalizing by the mainstream velocity U, the
shared nondimensionalized burst frequency F1, F2 or burst
period can be set regardless of the mainstream velocity U.

As described above, the wing structure 1, the method for
controlling the wing structure 1, and the aircrait 2 control air
flow through the slot with at least one plasma actuator 14 by
forming a constant slot between the movable wing 4 and the
stationary wing 3.

(Effect)

Therefore, with the wing structure 1, the method for
controlling the wing structure 1, and the aircrait 2, the
weight of the movable wing 4 1s reduced. That 1s, with the
wing structure 1, the method for controlling the movable
wing 4, and the aircraft 2, the need of the extending
mechanism provided with the conventional slotted flap can
be eliminated. Therefore, an actuator for extending the
movable wing 4 1s not necessary, and the movable wing 4
can be steered with only the actuator 3 for controlling the
steering angle.

Moreover, by appropriately operating the plasma actuator
14 1n accordance with the steering angle of the movable
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wing 4, 1t 1s possible not only to eliminate the adverse etlects
caused by repeatedly forming a slot between the movable
wing 4 and the stationary wing 3 but also to improve the
ciliciency of the movable wing 4 when the steering angle 1s
used.

Other Embodiments

While a specific example has been described above, the
described embodiment 1s only for the purpose of demon-
stration and 1s not intended to limit the scope of the
disclosure. The novel method and apparatus described
herein may be embodied 1n a variety of other manners.
Various omissions, substitutions, and changes may be made
in the manner of the method and apparatus described herein
without departing from the spirit of the disclosure. The
appended claims and their equivalents include such various
forms and modifications as fall within the scope and spirit of
the disclosure.

The 1nvention claimed 1s:

1. A wing structure used for an aircrait, comprising:

a stationary wing;

a movable wing disposed so as to form a slot between the

movable wing and the stationary wing;

a first plasma actuator disposed on an upper surface of the
stationary wing and a second plasma actuator disposed
on a lower surface of the stationary wing, the {first
plasma actuator and the second plasma actuator being
configured to control airtlow through the slot;

a control device configured to operate the first plasma
actuator and the second plasma actuator under a con-
dition corresponding to a steering angle of the movable
wing,

wherein the control device i1s configured to provide air
flow for preventing air from flowing through the slot by
operating the first plasma actuator and the second
plasma actuator when the steering angle of the movable
wing 1s Zero.

2. The wing structure according to claim 1, wherein the
controller 1s configured to form air flow from the upper
surface of the stationary wing toward the lower surface of
the movable wing through the slot by operating the first
plasma actuator disposed on the upper surface of the sta-
tionary wing, while not operating the second plasma actua-
tor disposed on the lower surface of the stationary wing
when the steering angle of the movable wing 1s negative.

3. The wing structure according to claim 1, wherein the
control device 1s configured to form air flow from the lower
surface of the stationary wing toward the upper surface of
the movable wing through the slot by operating the second
plasma actuator disposed on the lower surface of the sta-
tionary wing, while not operating the first plasma actuator
disposed on the upper surface of the stationary wing when
the steering angle of the movable wing 1s positive.

4. The wing structure according to claim 1, wherein the
movable wing 1s mechanically controlled by only an actua-
tor configured to control the steering angle of the movable
wing.

5. The wing structure according to claim 1, wherein the
wing structure 1s a main wing structure and the movable
wing 1s a flap.

6. An aircraft comprising the wing structure according to
claim 1.
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7. A method of controlling a wing structure of an aircratt,
the aircraft comprising a stationary wing, a movable wing
disposed so as to form a slot between the movable wing and
a stationary wing, and at least one plasma actuator, the at
least one plasma actuator comprising a first plasma actuator
disposed on an upper surface of the stationary wing and a
second plasma actuator disposed on a lower surface of the
stationary wing, the first plasma actuator and the second
plasma actuator being configured to control airtlow through
the slot,

wherein the method includes preventing air from flowing
through the slot by operating the first plasma actuator
and the second plasma actuator when a steering angle
of the movable wing 1s zero.

8. The method of controlling a wing structure according,
to claim 7, further comprising determining an alternating
current voltage wavetorm to be applied between electrodes
of either the first plasma actuator or the second plasma
actuator as a burst waveform having a burst frequency or a
burst period.

9. The method of controlling a wing structure according,
to claim 7, further comprising forming air flow from the
upper surface of the stationary wing toward the lower
surface of the movable wing through the slot by operating
the first plasma actuator disposed on the upper surface of the
stationary wing, while not operating the second plasma
actuator disposed on the lower surface of the stationary wing
when the steering angle of the movable wing 1s negative.

10. The method of controlling a wing structure according
to claim 7, further comprising forming air flow from the
lower surface of the stationary wing toward the upper
surface of the movable wing through the slot by operating
the second plasma actuator disposed on the lower surface of
the stationary wing, while not operating the {first plasma
actuator disposed on the upper surface of the stationary wing
when the steering angle of the movable wing 1s positive.

11. The method of controlling a wing structure according
to claim 7, further comprising mechanically controlling an
actuator configured to control the steering angle of the
movable wing.

12. A wing structure used for an aircraft, comprising:

a stationary wing;

a movable wing disposed so as to form a slot between the

movable wing and the stationary wing;

a first plasma actuator disposed on an upper surface of the
stationary wing and a second plasma actuator disposed
on a lower surface of the stationary wing, the first
plasma actuator and the second plasma actuator being
configured to control airflow through the slot;

a control device configured to operate the first plasma
actuator and the second plasma actuator under a con-
dition corresponding to a steering angle of the movable
wing,

wherein the control device 1s configured to form air tlow
from the upper surface of the stationary wing toward
the lower surface of the movable wing through the slot
by operating the first plasma actuator disposed on the
upper surface of the stationary wing, while not oper-
ating the second plasma actuator disposed on the lower
surface of the stationary wing when the steering angle
of the movable wing 1s negative.
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